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ABSTRACT
In this study a wide spectral range (200–2500 nm) imaging sys-
tem with photoluminescence imaging capability is introduced. The
setup is developed from three different line spectral cameras by
merging them to operate simultaneously in order to achieve sav-
ings in measuring time and sample handling. The system is bench-
marked to obtain knowledge about an appropriate operational range
and performance. Findings indicate that the developed system has
the most significant challenges in the ultraviolet region.
The system is then used to obtain a public spectral image data-
base from Nordic sawn timber for research purposes. The selected
wood species are birch (Betula sp.), Norway spruce (Picea abies) and
Scots pine (Pinus sylvestris). In all, 107 samples including several
different surface features (e.g. knots and decay) are measured in
frozen, melted and room–dried conditions to correspond to real
production circumstances in sawmills across seasons. This results
in the final database containing approximately 44 million spectra
in which the potential is demonstrated with an analysis example
of fluorescent area extraction, retrieval of the spatial distribution
of aromatic lignin and simplified MC detection. According to the
results, the spectral image database offers a possibility to observe
spatial distributions of different wood properties.
Finally, the imaging system is applied to develop a practical,
non–contact and non–destructive method for the layer thickness
measurement of freshly applied water–dilutable compounds, for
example, adhesives used in the production of glued wood. The ab-
sorption peaks of water are associated with the layer thickness of
the compounds under examination. From these key wavelengths
a method is derived which requires the observation of only two
wavelengths.
Universal Decimal Classification: 535.33, 535.37, 543.42, 681.785,
620.179.1, 691.11
Library of Congress Subject Headings: Optical measurements; Spectral
imaging; Spectrum analysis; Spectral reflectance; Fluorescence; Photolu-
minescence; Nondestructive testing; Thickness measurement; Wood; Lam-
inated wood; Timber; Quality control; Engineering inspection
Yleinen suomalainen asiasanasto: spektrikuvaus; spektrianalyysi; fluo-
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Tapani Hirvonen
”There was a sculptor. He found this stone, a spe-
cial stone. He dragged it home and he worked on it
for months until he finally finished it. When he was
ready he showed it to his friends. They said he had cre-
ated a great masterpiece, but the sculptor said he hadn’t
created anything. The statue was always there, he just
chipped away the rough edges.”
– Colonel Sam Trautman,
Rambo III (1988)
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1 Introduction
Nowadays wood is measured and evaluated many times during
a production chain from recently planted forest to end product.
These measurements provide information about the properties of
wood, for example, quality and quantity, which are essential for
profitability. At the same time technological progress generates new
possibilities to develop novel measuring methods and techniques.
In the future, these measuring methods will make it possible to
produce products of higher quality, which are crucial in an open
and free market.
Optical methods have been found to have substantial poten-
tial as a measuring technology since they are rapid and can per-
form measurements without contact. Optical methods are usually
non–destructive in preserving samples and require minimal sample
preparations. In the wood industry context gray scale cameras have
initially been used in the imaging quality control of sawn timber.
Then three–channel color cameras were employed. The next step
could be the use of spectral cameras providing extremely accurate
spectral information.
In recent decades several researchers and research groups around
the world have studied wood using optical methods in order to de-
termine non–destructive means to detect the properties of wood;
they are faster and cheaper than traditional methods such as wet
chemistry [3, 4]. Using present knowledge, for example, reaction
wood, sapwood, early wood, late wood, knots, resin and wane can
be detected with the visible (VIS) range of the electromagnetic (EM)
spectrum [5–8].
The infrared (IR) region of the EM spectrum also holds consid-
erable potential for wood research. This has previously been re-
ported to be valid for wood species separation, decay process mon-
itoring, blue stain and decay detection [9–13]. In addition, density,
microfibril angle, fiber length and such mechanical properties of
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wood as dynamic modulus of elasticity and bending strength have
been examined [14–16]. Furthermore, chemical properties, for ex-
ample, lignin and cellulose content and pulp yield can be resolved
using infrared radiation [15, 17–20].
The ultraviolet (UV) region of the EM spectrum is also used
in wood research, chiefly with photoluminescence. UV methods
have been reported to be suitable for heartwood/sapwood ratio
extraction, compression wood detection and wood species classi-
fication [1, 21, 22]. However, despite these numerous and versatile
methods, challenges still exist, for example, with the moisture con-
tent detection of wood and gluing process management, which will
be introduced in the next paragraphs.
Compared to the dry weight of fresh lumber moisture content
(MC) varies between 20–180 % and this large variation makes the
drying process challenging. At present, all boards are stacked and
dried together regardless of their different initial MC. Thus, boards
with a small initial MC will be dried unnecessarily long and boards
with high initial MC may not be dried sufficiently. This could be
avoided if the MC of freshly cut boards were somehow measured.
The boards could then be classified by moisture classes according to
their MC before the drying process. Hence, boards could be dried
sufficiently which optimizes the drying process. This would mean
savings in time, cost and energy and yield products with a more
homogeneous quality. In some cases, board classification accord-
ing to MC content could require modifications in the saw line. In
most previous MC studies, the full near–infrared spectrum has been
used with partial least squares regression to predict MC [4, 23, 24].
This method is relatively rigorous and requires expensive spectral
sensors which limit practical applications and implementations.
In glued wood production the amount of adhesive and uniform
layer thickness affect the quality of the end products and produc-
tion costs. Nowadays adhesive can be applied using several meth-
ods such as curtain or extruder coating [25]. However, none of
the applied methods can guarantee full adhesion in every single
location of the glued surface. The lack of or insufficient amount
2 Dissertations in Forestry and Natural Sciences No 173
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of adhesive decreases the strength properties of the end product
whereas an excessive amount causes material losses and aesthetic
harm when the adhesive gushes from joints. Of course, gushed
adhesive can be planed or sanded away, which would take extra
time and would be costly. Currently, the amount of adhesive on
the surface is verified by weighing the object with and without ad-
hesive [26]. Weighing is a slow process and ignores the spatial
distribution of the adhesive on the surface. All these challenges
could be overcome with an appropriate device capable of resolving
information concerning adhesive layer thickness. This information
makes it possible to monitor and control the application process of
glued wood products, for example, to fix or reject a poorly glued
part before compression, thus increasing the number of high qual-
ity products and optimizing production costs.
Water–dilutable polyvinyl (PV) based adhesives, commonly used
in glued wood production, are visually white and highly light scat-
tering. This makes it challenging to distinguish the thin layers of
adhesive from the wood and therefore a precise machine vision
measurement is difficult using traditional color cameras. Nonethe-
less, several methods for measuring film thickness have this far
been developed and they are mainly based on reflectance or flu-
orescence. Reflectance methods compare the ratio of specular re-
flectance from an adhesive stripe and diffuse reflectance from the
background material [27–29]. This method can be used to verify
the existence of adhesives and the amount of adhesive can be ap-
proximated from the width of the stripe. A fluorescent method for
detecting film thickness is based on the fact that emitted light is
proportional to layer thickness within some thickness range [30].
Unfortunately, PV–based adhesives are not fluorescent enough for
rapid and accurate measurement. This could be resolved by adding
a fluorescent additive to the adhesive but it would increase costs
and could decrease the strength properties of the adhesive.
Many machine vision groups around the world are capable of
computationally detecting wood features. They do not, however,
necessarily have the devices or resources to measure a compre-
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hensive spectral image database for the process of developing new
machine vision methods and techniques. With a spectral image
database one could search key wavelengths which are associated
with some specific feature (e.g. heartwood/sapwood), develop pre-
processing and classification algorithms, develop transmission fil-
ters for cameras, optimize spectral power distributions of light
sources and simulate detection processes [1, 31]. Therefore, a pub-
licly available and comprehensive spectral image database can be
seen as a practical instrument for the development of wood mate-
rial research. However, such a public database does not exist now.
All previously described cases could be approached with spec-
tral imaging, which has shown its potential in different research
fields [32–36]. Spectral imaging devices are able to simultaneously
measure a spectrum from every target point. This saves a great deal
of measuring time, which is a great advantage compared to devices
which only measure from one point at a time. With this acquired
spectral image information the spatial distributions of a feature un-
der observation could be studied. From a practical point of view
it would be convenient to have spectral data from as wide a wave-
length range as possible, where all valid information is linked to-
gether pixel–wise. However, current spectral imaging devices have
limitations in the ultra violet (UV) range of the EM spectrum and
have not been used for photoluminescence imaging [33, 36–40].
In this study, the structure presented in Fig. 1.1, a wide spectral
range imaging system, is developed (Paper I), which is able to mea-
sure reflectance and photoluminescence. This system is then used
to obtain a public spectral image database of Nordic sawn timber
for research purposes (Paper II). The potential of the database is
demonstrated with an example of fluorescent area extraction, re-
trieval of the spatial distribution of aromatic lignin and simplified
MC detection. The wide spectral range imaging system is also used
to develop a method for measuring the layer thickness of water–
dilutable compounds (Paper III).
In the second chapter the aims of the study are stated. Chap-
ter 3 expresses the optical framework and the concepts required
4 Dissertations in Forestry and Natural Sciences No 173
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Figure 1.1: The structure of the thesis. Paper I presents the wide spectral range imaging
system developed in this work. Papers II and III concern the applications of developed
system.
in this work. Then, the key properties of adhesives and lumber
are discussed and followed by an introduction of the materials and
methods used. In chapter 5, the results are presented and consid-
ered against the aims of the study. Finally, the main findings are
summarized in the conclusion.
Dissertations in Forestry and Natural Sciences No 173 5
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2 Aims of the study
The aims of this study are the development of a wide spectral range
imaging system and its practical applications in the context of the
wood industry. The aims can be divided more precisely in to three
parts as follows.
1. To develop and benchmark a wide spectral range imaging sys-
tem for research purposes with a photoluminescence imag-
ing ability from line spectral cameras available in the lab-
oratory. At present, a device which is able to measure the
200–2500 nm wavelength range and photoluminescence is not
available. This device is mainly developed for the work of the
second aim.
2. To produce a public and comprehensive spectral image data-
base of sawn timber for research purposes from the econom-
ically significant wood species of Finland [Scots pine (Pinus
Sylvestris), Norway spruce (Picea abies), Birch (Betula sp.)]. At
the moment, only three channel red–green–blue color image
databases of wood material are available. Machine vision ex-
perts around the world may not have resources to measure
high resolution spectral image data for the development pro-
cess of new machine vision methods and techniques.
3. To develop a method for measuring the thickness of freshly
applied adhesive in the production of glued wood. Currently,
efficient method for thickness information extraction is not
available even though it could increase the number of high
quality products and optimize production costs.
Dissertations in Forestry and Natural Sciences No 173 7
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3 Optical framework
Electromagnetic radiation can be divided in to several sub–types ac-
cording to wavelength λ, as seen in Fig. 3.1. Human beings are able
to see only the small 380–760 nm range of EM radiation called vis-
ible light and the best response is obtained around 550 nm [41, 42].
Fortunately, technology makes it possible with spectroscopic meth-
ods to also observe other radiation types. EM radiation is usually
presented with spectral power distribution (SPD), which describes
power per unit area per unit wavelength. This SPD signal as a
function of wavelength is generally called a spectrum. It should
be noted in Fig. 3.1 that the energy of EM radiation is inversely
proportional to wavelength. This knowledge is essential when later
dealing with photoluminescence.
3.1 REFLECTANCE, TRANSMITTANCE ANDABSORPTANCE
Observation of the interaction between EM radiation and a material
can reveal different properties from that material. A fundamental
examination is executed, as seen in Fig. 3.2, by illuminating an ob-
ject with a known ray I0 and detecting the portions of the reflected
IR, transmitted IT and absorbed IA ray. According to the law of
wavelength
[m]10 10 10 0,5 10 10 10 10
-12 -10 -8 -6 -5 -2 3
Gamma
X-ray
Ultra-
violet
Visible
Infrared
Micro-
wave
Radio
 × 
1,24 MeV
12,4 keV
124 eV
2,48 eV
124 meV
124   eV
1,24 neV
energyµ 
780600500380
λ [nm]
Figure 3.1: Electromagnetic spectrum where radiation is divided to sub–types according
to wavelength and energy.
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Figure 3.2: Interaction between EM radiation and a material. An incident ray I0 is partly
reflected, absorbed and transmitted.
conservation of energy I0 = IR + IT + IA can be written when effects
such as luminescence, Raman effect etc. are absent [43]. Further-
more, portions can be compared to the incident ray, i.e. IR/I0, IT/I0
and IA/I0, to retrieve factors for reflectance R, transmittance T and
absorptance A respectively. Hence, for these factors 1 = R + T +
A holds. For some applications it is also convenient to define ab-
sorbance Alog = -log(T), where the log is a 10–base logarithm. In
practice, the reflectance factor is solved from
R =
IR
I0
=
SS − SD
SR − SD , (3.1)
where SS is a measured signal from a sample, SR a measured signal
from a reference and SD the offset of the sensor used. Naturally, this
reflectance factor examination can be done for every spatial point
(x, y) on the sample surface as a function of wavelength, thus R(x,
y, λ).
3.2 LAMBERT–BEER LAW
Electromagnetic radiation which is transmitted inside some homo-
geneous substance, as seen in Fig. 3.2, attenuates an equal amount
in every equally thick layer of the substance [44]. In other words,
the magnitude of radiation will decrease exponentially as a function
10 Dissertations in Forestry and Natural Sciences No 173
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of sample thickness d. Attenuation also depends on the concentra-
tion k of the substance. Thus, according to the Lambert–Beer law
this relationship can be expressed as
Alog = αkd, (3.2)
where α is the material dependent attenuation coefficient. In this
work concentration is assumed to be constant for the examined sub-
stances. It should be emphasized that the Lambert–Beer law is valid
only where the linearity of Equation 3.2 holds. This can result in a
limited thickness range for substances having high α values.
3.3 HYPERSPECTRAL IMAGING
Several techniques and commercial spectral imaging devices exist
which are able to measure the previously mentioned R(x, y, λ) [45].
One such device is a line spectral camera (also known as a push
broom spectral camera); its structure is presented in Fig. 3.3 [46].
There is a narrow slit immediately behind an objective which allows
only rays from the one line of a sample plane to continue towards
a sensor. Behind the slit, selected radiation progresses through a
prism–grating–prism component which splits it in to a spectrum.
Thus, every spatial point in the selected line has now its own spec-
trum, which is captured with the appropriate sensor. Since the
sensor is able to see only one line at a time either the sample or
the camera must be moved line by line to obtain the whole sample
area.
Depending on the measuring geometry, sensor resolution and
response it is possible to obtain extremely accurate spectral infor-
mation from the sample with this line spectral device. Like the
human eye, sensors are also able to operate only in some specific
wavelength range. Similarly, operational sensitivity is not equal
across the wavelength range and the spectral response C(λ) of the
sensor is used to describe this inequality. The best response is usu-
ally achieved in the middle of operational range.
Dissertations in Forestry and Natural Sciences No 173 11
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Figure 3.3: The principle of a line spectral camera. The target is imaged by the objective
onto the slit, meaning that every point of the target is clearly in focus when it reaches
the slit (image plane). The slit then selects only a single line of the target, which is then
chromatically dispersed by the prism–grating–prism onto the sensor.
The measurement of R(x, y, λ) will produce a three–dimensional
spectral image, which is demonstrated in Fig. 3.4. Each gray scale
image in the stack presents the spatial distribution of the sample
reflectance at some particular wavelength. From this spectral image
it is possible to extract a separate spectrum for each spatial (x, y)
point, as has been done for two points in Fig. 3.4. The visual
appearance of the sample can be presented with a red–green–blue
(RGB) image which is simulated from the spectral image [42].
3.4 PHOTOLUMINESCENCE
The incident EM radiation can also generate photoluminescence L
in some subject materials, as seen in Fig. 3.5 (b), where a Norway
spruce board emits yellowish and bluish light when excited with
a UV–B [41] light source. In Fig. 3.5 (a) the same Norway spruce
board is imaged under daylight illumination. Photoluminescence
is a non–linear effect where a photon of incident radiation, with
energy E = hc/λ, where h is Planck’s constant and c is the speed
of EM radiation in a vacuum, excites a material ion which is in a
crystal lattice [47]. The excitation state will relax after some time
and a new photon with energy E’ = hc/λ’ will be emitted. This
12 Dissertations in Forestry and Natural Sciences No 173
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Figure 3.4: An example of a spectral reflectance image. Each gray scale image in the stack
presents sample reflectance at a certain wavelength. Thus, each spatial (x, y) point has its
own spectrum, as has been demonstrated for two points. An RGB image is simulated from
the spectral image for visual preview.
new photon will have less energy than the original photon, i.e. λ’
> λ because a certain amount of energy will be lost in the crystal
lattice. Photoluminescence can be divided according to excitation
state lifetime into fluorescence (<10 ns) and phosphorescence (>10
ns).
Figure 3.5: Photoluminescence of Norway spruce. An RGB image from a wood board (a)
under daylight illumination and (b) under UV–B illumination.
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A full examination of the photoluminescent properties of a sub-
ject material is obtained by exciting it one wavelength λ at a time
and measuring the corresponding emission spectrum. The mea-
surement is performed with a bispectrometric device which, in
principle, consists of two monochromators, one for illumination
and a second for detection [48]. However, in practice, to speed
up the measurement process, the detection monochromator is often
replaced with a spectrometer which is able to measure all wave-
lengths simultaneously. This procedure will produce the excitation–
emission matrix as presented in Fig. 3.6. Spectral reflectance is lo-
cated in the diagonal, where λ = λ’ and possible photoluminescence
is below the diagonal, where λ’ > λ. As a result, this procedure
will produce a four–dimensional matrix L(x, y, λ, λ’) for photolu-
minescence when repeated for every spatial point over the subject
material surface. This measurement is a rather time–consuming
process and produces a great deal of data when performed with
small wavelength intervals. Hence, in this work only a UV–B light
source is used for excitation, which means that just one horizontal
line in Fig. 3.6 is measured as a function of the spatial domain.
Emission spectrum L(λ’) can be obtained with an excitation light
source, in which the SPD equals zero in the detection range as fol-
lows
Figure 3.6: Excitation–emission matrix where spectral reflectance is in the diagonal and
possible photoluminescence is below the diagonal.
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L(λ′) =
SS(λ′)− SD(λ)
C(λ)
. (3.3)
If the SPD of a light source does not equal zero in the detection
range, the L(λ’) can be approximated using
L(λ′) =
SS(λ′)− SR(λ)
C(λ)
. (3.4)
The latter method for L(λ’) extraction is not as accurate as the first,
because the emitted and reflected signals could be mixed.
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4 Adhesives and lumber
In this chapter the essential properties of the subject materials are
introduced. Related measuring techniques are also reviewed and
discussed.
4.1 ADHESIVES
Synthetic adhesives were introduced for wood gluing in the 1930s
[25]. Adhesives have since been developed to be increasingly suit-
able for different kinds of end products and production lines. This
can be seen in Table 4.1, where four common industrial adhesive
types are presented with their key properties. Nowadays, some of
these adhesives can produce joints that are strong as the wood, even
when exposed to the weather.
Currently, the glued wood industry produces, for example, glu-
lam boards, glulam beams, plywood and cross laminated elements.
The service conditions of the end products also set requirements for
adhesives which have to be fulfilled or a catastrophe could occur.
Table 4.1: Common industrial adhesive types and their key properties.
Property/adhesive Polyvinyl Polyurethane Phenol Melamine
Water–dilutable x Optional x x
Color White Transparent Dark red White
Heat curing - Optional x x
Catalyst - x Optional x
Solvent removal Drying Chemical Drying Chemical
Applications Gluelam Gluelam Plywood Plywood,
boards boards, gluelam
plywood beams
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The proper use of these adhesives requires careful consideration of
several variables, including temperature, moisture content, adhe-
sive/catalyst ratio, assembling time, pressing time and amount of
adhesive.
Adhesives are typically applied with several main coating tech-
niques such as roll, blade, curtain, spray and extruder [25, 26]. At
the moment, coating devices based on these techniques are ad-
vanced and moderately accurate. Thus, glued wood manufactur-
ers significantly rely on these devices. However, there is usually
no feedback system following the coating which notes the success
of the process. It then depends on the coating device operator in
regard to how rapidly malfunction and adhesive flow interruption
can be recognized. Sometimes this issue is solved by slightly in-
creasing the amount of applied adhesive, which does not actually
solve the problem. Extra adhesive makes it difficult to get nar-
row joints and adhesive consumption is unnecessarily high and the
amount and existence of the adhesive still cannot be verified. This
challenge could be overcome with an appropriate device which is
able to provide adhesive layer thickness information.
In recent years several methods have been studied and devel-
oped for thin film thickness measurement, as seen in Table 4.2. Of
course, there exists also other measurement techniques (e.g. me-
chanical or electrical) but this work deals only with techniques
which are based on photonics. Some methods (Table 4.2) apply in-
terferometry, Raman scattering and ellipsometry but they are mainly
suitable only for transparent films less than several microns thick.
Moreover, most of these methods require the film to be in solid
form. Existing reflectance–based methods for adhesive detection
can verify the existence of an adhesive [28, 29]. Furthermore, in the
case of stripe (also known as ribbon) coating these methods can
approximate the amount of adhesive from the width of the stripe.
Stripes of adhesive are extruded from equally spaced holes in a
spreader pipe above a conveyor where glued parts are moving. The
surface of the glued part is illuminated using a high angle from
its surface normal and a camera is adjusted to look at the glued
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Table 4.2: Overview for existing thin film measurement techniques and their key features.
Solid/ Wavelength
Author Method Solution
liquid range
Background Thickness
William [28] Diff./spec. Transparent
Liquid VIS
Various
–
(1956) reflection solutions materials
Ruiz–Urbieta et Specular Transparent Absorbing 1–4
al. [49] (1971) reflectance films
Solid 633 nm
substrate µm
Azzam et al. Ellip–
SiO2 Solid 633 nm
Si
108 nm<
[50] (1975) sometry substrate
Matsuda et Interfero– Transparent Frame 1.4–2.7
al. [51] (1986) metry polymers
Solid 633 nm
support µm
Edwards et Spec./diff.
– Liquid
Polychro– Paper
Existence
al. [29] (1987) reflectance matic materials
McCarty [52] Raman Sodium PT/10 % Rh 0–1
(1987) scattering sulfate
Solid 488 nm
substrate µm
May et al. Fluores–
– Solid UV
Various
–
[30] (1989) cence materials
Hutchinson et Raman Polyphenyl– Diamond/ 0.1–10
al. [53] (1995) scattering ether
Liquid 633 nm
steel µm
Gaon et al.
Absorption
Water
Liquid
1720–1900
Carton –
[54] (2001) based nm
Amalvya et White Glass 75 µm,
al. [55] (2001)
Speckle
paints
Liquid 633 nm
plate 150 µm
Taylor [56]
Absorption
Starch
Liquid
1840/1940
Paper 49 g/m2
(2002) based nm
Mbachu et Phenol– 350–2500 88–225
al. [26] (2005)
Absorption
formaldeh.
Liquid
nm
Wood
g/m2
Mbachu et
Absorption
Urea–
Liquid
400–2250
Wood
0–12 %
al. [57] (2005) formaldeh. nm of mass
Otsuki et Ellip– Protein Many 10–20
al. [58] (2005) sometry films
Solid 670 nm
layers nm
Pristinski et Ellip– Polymetha–
Liquid 633 nm
Si
100 nm
al. [59] (2006) sometry crylic acid substrate
Cowan et Several 1200–2400 0–10 %
al. [60] (2007)
Absorption
adhesives
Liquid
nm
Wood
of mass
Scarel et Optical Aluminium, 2500– Si 10–250
al. [61] (2010) phonons zink oxide
Solid
100000 nm substrate nm
Lauria et Polyvinyl– 200–750 0.1–2
al. [62] (2012)
Absorption
acetate
Liquid
nm
Paper
mm
part from its surface normal direction. The camera observes the il-
luminated area due to the diffuse reflection of the glued part and
specular reflection of the adhesive stripes cause darker lines in the
image. The width of the adhesive line is strongly correlated with
the amount of adhesive. Thus, the amount of adhesive can be es-
timated from the width of the line by multiplying it with a scale
factor [27]. However, accurate adhesive film thickness cannot be
resolved.
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The fluorescence method is able to detect a film thickness within
specific thickness range but it requires adhesives to be sufficiently
fluorescent and this is not usually the case with all adhesives [30].
This could be solved by adding a fluorescent additive to the ad-
hesive but it will increase costs and could decrease the strength
properties of the adhesive. The target material to which the adhe-
sive is applied should not be fluorescent or at least have a constant
fluorescence.
The most promising solution has been offered by Mbachu and
Congleton (2005) [26]. Their method applies partial least square
regression to spectral data acquired over the 350–2500 nm wave-
length range from a phenolformaldehyde adhesive on a wood sur-
face. However, from a practical point of view their method has
several disadvantages. Firstly, image data acquisition over a wide
spectral range requires expensive sensors. Secondly, computation
rapidly becomes cumbersome with high–dimensional data and real
time implementation could be challenging. Hence, it can be con-
cluded that an efficient solution is still lacking.
Table 4.1 indicates that all adhesives can be diluted with water.
Thus, it could be possible to detect thicknesses of all these adhesive
types if the amount of the water could somehow be measured. This
approach could also provide an opportunity to extend the thickness
detection method to other water–dilutable compounds, for exam-
ple, paints, waxes, lacquers and wallpaper glues.
4.2 LUMBER
Lumber has been widely used by humans for different kinds of
constructions and tools throughout history. Numerous properties
of lumber have been studied and consequently it has been possi-
ble to use this knowledge for more challenging applications than
ever before. One of the latest promising applications of lumber is
an insulation panel which could replace non–renewable petroleum–
based insulation materials [63]. Overall, biorefination of renewable
feedstocks from biomass has become one of the key research fields
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today and this will continue in the future [64, 65]. However, these
processes are complicated and biomass pretreatments affect pro-
cessing costs and efficiency.
Wood is an extremely complex organic structure and its ap-
pearance varies greatly among different species, individual trees,
environmental conditions, processing methods and tools. This is
the case in the Nordic wood production chain from forest through
sawmill and end product packing. Depending on the season of the
year, cut trees can be frozen or melted, which makes IR responses
vary. The blades used for cutting and planing also produce wood
surfaces with different roughnesses which affects scattering. Fur-
thermore, the color of the wood varies within wood species and
variations within some specific species can be also significant. Thus,
it is recommendable to use wood samples which correspond to real
conditions in wood production when developing machine vision
methods and techniques. Because of these significant dependences,
it should also be remembered that previously developed methods
have also been studied under a number of conditions. Thus, these
methods may not necessarily be directly applicable for other wood
species and environments. Previous studies, however, offer an ex-
tensive framework for future work.
The spectral band assignments of wood and its components in
near–infrared from the past 70 years have been collected by Schwan-
ninger et al. (2011) and are presented in Fig. 4.1 [66]. These band
assignments could be used as initial key wavelengths for the studies
of two–dimensional mapping of compositions which is discussed
in more detail later. Yeh et al. (2004) have also confirmed sev-
eral of these assignments [17]. A similar comprehensive collection
has been published by Elvidge (1990) from dry plant materials [67].
Soukupova et al. (2002) have studied lignin estimation from liquid
samples and have also performed lignin related studies [68]. How-
ever, some attention should be paid in the analysis to overlapping
spectral responses of the compositions, as seen in Fig. 4.1, because
a strong separation of overlapping compositions could require the
use of a complicated analysis [68].
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Figure 4.1: Near–infrared wavelengths associated with wood compositions, which could
be used as initial key wavelengths for the studies of two–dimensional mapping of composi-
tions. [66].
Existing MC detection studies of lumber have been collected by
Leblon et al. (2013) [4]. An extension to their study is several similar
studies which also apply near–IR techniques for MC estimation [23,
69,70]. An advantage of the near–IR technique over pin meters and
computer tomography scanners is its ability to measure moisture
and density independently [71]. However, it has also been found
that changes of temperature in manufacturing environments affect
near–IR response [71].
The majority of the previously introduced studies have oper-
ated with point–wise data acquired from a certain area. However,
lumber is a heterogeneous material, which suggests that spatial
distributions should be also taken into account [4]. Such two–
dimensional mapping has been done for galactose, glucose and
lignin [72], compression wood [7,31,32], moisture content and den-
sity [73]. In the future these novel visualizations of composition
distributions could aid researchers in understanding wood mate-
rial better.
In the previously introduced studies researchers have developed
empirical models for optically obtained data from wood in order to
determine one suitable for a given task. In contrast to this approach,
Tsuchikawa et al. have studied a model for interaction between
light and a wood material [74–76]. In these studies the structure of
the wood has been simplified and considered to be an aggregate of
semi–infinite long tracheids, as seen in Fig. 4.2. Surface roughness
has been modeled with a uniform layer where the thickness is the
maximum height of the surface roughness multiplied by a specific
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Figure 4.2: The simplified structure of wood for modeling interaction with light where
wood is considered to be an aggregate of semi–infinite long tracheids. Surface roughness
is modeled with a uniform layer where the thickness is the maximum height of the surface
roughness multiplied by a specific constant. The dimensions correspond to late wood of
Sitka spruce.
constant. The maximum height of the surface roughness has been
obtained from a profile curve traced with a knife–edge type stylus.
Data was measured point–wise from Sitka spruce (Picea sitchensis)
samples with a integrating sphere. From this data the relationships
between absorption and variables such as sample thickness, illumi-
nation angle, wavelength and surface roughness were examined.
It was determined that the Kubelka–Munk theory can be used
to express the behavior of diffusely reflected near–infrared light
from wood even though the Kubelka–Munk theory is generally re-
lated to the context of paper quality [77]. Three different bands
(800–1400 nm, 1400–1860 nm, 1860–2500 nm) were distinguished ac-
cording to scattering and absorption coefficients. However, the
measuring setup used and the material under examination did not
meet the assumptions of the Kubelka–Munk theory for diffuse illu-
mination and an ideally scattering medium. Thus, these deviations
from the ideal had to be compensated with a directional character-
istics model, a light–path model and an equivalent surface rough-
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ness model. Furthermore, the transmitted light case also requires
the use of generalized input/output equations for radiation. These
models have been supported by studies using different measuring
techniques [78, 79].
Nevertheless, these models are somewhat outside the scope of
this work because they are meant more for the fine structure analy-
sis of the wood material while the focus here is on the applications
of spectral imaging. The measuring setups used are not directly
applicable due to the different measuring geometry. However, one
needs to be aware of these results because they could provide useful
knowledge in the future when developing practical applications for
wood material observation. This includes, for example, the fact that
detection sensitivity could probably be increased with the proper
measuring geometry for some feature or the effect of surface rough-
ness could be reduced with appropriate wavelength band selection.
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5 Materials and methods
This study is based on measurements done with the wide spec-
tral range imaging system developed in Paper I for this purpose
according to practical needs. This system is first presented and is
then followed by the wood and adhesive sample preparation pro-
cedures used in Papers II–III.
5.1 HARDWARE CONFIGURATION
Line spectral camera–based imaging systems require scanning in at
least one spatial domain to acquire a complete spectral image. De-
pending on the final spectral range even several line spectral cam-
eras must be used and scanning repeated for every camera. Hence,
the acquisition process could become time–consuming with a large
sample set or even problematic with sensitive samples, for example,
frozen ones. However, time consumption can be decreased using si-
multaneously operating line spectral cameras when only one scan
might be enough. Such a solution has been developed in Paper I
and presented in Fig. 5.1. The system consists of three line spec-
tral cameras, operating in the UV (200–400 nm), VIS (400–1000 nm)
and IR (1000–2500 nm) range of the EM spectrum. The efficiencies
of spectrographs are >50 % and spectral resolutions are 2.0 nm,
2.8 nm, 10.0 nm for UV, VIS and IR respectively [80–82]. Average
full width at half maximum values for UV, VIS and NIR are 3.7 nm,
3.2 nm and 10.7 nm respectively [83–85]. Cameras are attached in
an aluminum profile frame and adjusted to observe the same line in
target plane from a 0◦ angle. The view of the line spectral cameras
located on the sides of the frame are reflected with silver surface
mirrors. A sample is attached on the linear translation stage where
the movement is perpendicular to the lines of the line spectral cam-
eras. The EM radiation for the measurements is produced with
UV–B and halogen light sources, which are placed on both sides
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Figure 5.1: The setup of the wide spectral range imaging system. The line spectral cam-
eras are adjusted to observe the same vertical line from the sample attached on the linear
translation stage. Samples are illuminated by either UV–B or halogen light sources.
close to the sample at a 45◦ angle. Hence, realization of this system
corresponds to 45◦/0◦ geometry.
The line spectral cameras were adjusted so that the camera with
the lowest spatial resolution was also able to discriminate major-
ity of annual rings formed by early wood and late wood stripes
from Scots pine. Annual rings have been reported to be associated
with the density of wood which could be supportive information
for the end users of the spectral image database [86]. This means a
roughly dot size of 250 µm, which corresponds to a 80 mm field of
view with 320 pixels. The line spectral cameras with higher spatial
resolutions were also forced to this same resolution and the pix-
els which were otherwise cropped off were used for binning. Of
course, higher spatial resolution would have been better because
smaller details could have been observed, but it would have been a
trade-off with measurement time, data size and sample set.
A custom–made graphical user interface (GUI) was developed
and written in C++ programming language to control the line spec-
tral cameras and the linear translation stage. The GUI allows the
user to adjust the necessary acquisition parameters, for example,
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exposure times, scanning length and step size.
The properties and features of the described system are pre-
sented in more detail in Paper I. The system has been used in the
following sections of this work but also to measure icons, paper and
wood chips. These religious icons (Fig. 3.4) have been painted with
tempera on wood board (roughly size of 20 cm × 30 cm × 3 cm) in
18th century. In particular, icons contain invisible information in
the IR range about painting technique or colorants used. On the
other hand, icons are sensitive and extra cooling had to be imple-
mented to manage the heat of the halogen lamp. Nor was it possible
to perform UV imaging due to a photo bleaching effect which can
damage icons.
5.2 SAMPLE PREPARATION
In total, 44 trees were harvested for wood samples in April 2011
from the Kajaani region of Finland, which is noted in Fig. 5.2 (a).
Only the most economically significant wood species (birch, Nor-
way spruce and Scots pine) in Finland were selected for inclusion
in the database at this stage. Logs were cut in 25 mm thick boards
and crosscuts with a band saw, as shown in Fig. 5.2 (b), in the
wood laboratory of Cemis Oulu. After cutting, the samples were
packed in plastic bags, transported to Joensuu and put in a freezer
to await measurements. Before the measurements the samples were
examined visually in order to select those which would produce as
versatile a feature set as possible for the final database. In all, 36
crosscuts and 71 boards were selected for inclusion in the database.
The measurements were carried out with the spectral imaging sys-
tem presented in Paper I for frozen, melted and dried samples to
make the data correspond to conditions in Finnish sawmills in dif-
ferent seasons. Sampling and preparation are described in more
detail in Paper II. However, MC values 3.8–7.2 % reported in Pa-
per II for dried samples are less than 40 % relative humidity (RH)
would produce in room–drying [87]. RH was not constant in the
laboratory during the year as assumed in the first stage. Reported
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Figure 5.2: (a) Trees were harvested from the Kajaani region of Finland for the database.
(b) Logs were cut to crosscut and board samples for spectral imaging.
40 % RH was measured during the performance tests of the spec-
tral imaging system on October. Since that RH decreased even until
5 % during the spectral imaging process of wood samples which
was performed from January to February.
The adhesives employed in Paper III were bought from a hard-
ware store or obtained from an industrial partner. A total of six PV–
based and one polyurethane–based adhesives were selected for the
study. The recommended layer thicknesses for these adhesives were
0.1–0.3 mm according to the manufacturers. Hence, the method de-
veloped in the study should be able to operate within the 0–0.3 mm
thickness range. Wood blocks, where solutions were applied, were
obtained from the glulam board factory of an industrial partner.
Wood blocks were cut from Scots pine boards and their equilibrium
MC was approximately 12 %.
Adhesives were applied over wood blocks using the setup pre-
sented in Fig. 5.3 because an appropriate reference method could
not be found for layer thickness verification. A metal piece with a
known thickness d is attached in one edge of the wood block with
screws. Then a slightly excessive amount of adhesive is applied to
the wood block next to the metal piece. Finally, the extra adhesive is
wiped away with a straightedge resting on the corners of the metal
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piece and the wood block. The straight line (dashed line in Fig.
5.3) z(x) along the adhesive surface with a constant y–value then
corresponds to the adhesive thickness. According to the selected
coordinate system, z(x) can be expressed as follows:
z(x) =
z(x1)
x1
· x, (5.1)
where z(x1) = d.
It should be noted that this application method only functions
for reference use for solutions with reasonable viscosity. Solutions
with too low a viscosity are not able to maintain the formed linear
thickness distribution. Here viscosity was visually approximated to
meet this requirement for all solutions used. The wood blocks with
applied adhesives were then measured with the spectral imaging
system presented in Paper I.
Paper III deals only with adhesives, even though it was as-
sumed that the developed method should also be operational for
other water–dilutable solutions. Thus, the six additional water–
dilutable solutions listed in Table 5.1 were tested with the method
developed in this study.
Figure 5.3: The setup for applying the adhesive layer with a known thickness. Extra
adhesive is wiped away by gliding a straightedge, which rests on the corners of the metal
and wood, from left to right.
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Table 5.1: Recommended layer thicknesses for solutions used in this work.
Solution Type Thickness [mm]
Siro Priming paint 0.09–0.20
Liberon Panel wax 0.08
Pride Wallpaper glue 0.13–0.17
Kiva Furniture lacquer 0.07–0.13
Melamine† Industrial adhesive Unknown
Hardener† Industrial hardener Unknown
† Solutions from Akzo Nobel Finland Oy.
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6 Results
In this chapter, the summarized results of the spectral imaging sys-
tem performance tests are presented. This is followed by the intro-
duction of the spectral image database of Nordic sawn timbers and
its potential. Finally, the method developed for adhesive thickness
measurements is discussed.
6.1 SPECTRAL IMAGING BENCHMARK
The wide spectral imaging system developed here consists of many
parts with a partial effect on overall accuracy and performance. It is
crucial to know the operational ranges and possible limitations for
proper use and valid data. In Paper I the system is benchmarked
with a peak signal to noise ratio (PSNR), spatial resolution and
spectral accuracy.
In Paper I PSNR is presented as a function of wavelength. It was
found that PSNR exceeds 30 dB in the 297-350 nm, 368-370 nm and
400-2488 nm ranges and 35 dB in the 309-331 nm and 400-2425 nm
ranges. Gaps in the PNSR values originate from the SPDs of light
sources and the responses of sensors, in other words, from the dy-
namic range of the imaging system which is discussed more later.
According to the equation 4 of Paper I, the PSNR values 30 dB and
35 dB mean that the amount of noise in the signal is 3.2 % and
1.8 % respectively, unlike what has been explained in Paper I. Ef-
fect of PSNR is demonstrated in Fig. 6.1 for dark corrected signal
with the 95 % confidence intervals of 35 dB and 20 dB PSNR. The
95 % confidence interval means that 95 % from new observations
would fall inside this interval [88]. In Fig. 6.2 the effect of PSNR
is demonstrated for a homogeneously colored and lit surface and a
real image where images are contaminated with noise which corre-
sponds to different PSNR.
Based on visual observation of Fig. 6.1 and Fig. 6.2 it can be con-
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Figure 6.1: Demonstration of PSNR for dark corrected signal. 95 % confidence intervals
are drawn with blue for 35 dB PSNR and with red for 20 dB PSNR.
Figure 6.2: Demonstration of PSNR for solid and real image. Images in the columns are
contaminated with noise which corresponds 50 dB, 35 dB and 20 dB PSNR.
cluded that previously introduced PSNR level of 35 dB seems to be
tolerable. However, it is hard to draw any strict limit for acceptable
PSNR because a limit depends on the task that is required. Tasks
where spectra differ clearly from each other can tolerate more noise
than tasks where spectra are nearly similar, because small crucial
details may be hidden by noise. Noise could be also be decreased
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with different post–processing algorithms, for example, Gaussian
smoothing and non–local means algorithm [89].
Noise originates from several sources such as transfer noise,
dark current, fixed pattern noise, high energy radiation, thermal
noise, shot noise, analog–to–digital conversion and electrical inter-
ference. All of these may affect the output signal with different
magnitude. Sensor manufacturer has presumably solved some of
these problems but still it is good to be aware of the noise sources.
Thus, this work does not just concentrate on noise, which is an ex-
tensive topic, in more detail. However, in this study dark current
and fixed pattern noise have been taken into account according to
equation 3.1 and the magnitude of overall noise has been examined
as a function of wavelength. [42]
PSNR actually describes the quantification constancy of the sys-
tem more than the accuracy. An improved visualization of quantifi-
cation accuracy than that provided by PSNR is demonstrated in Fig.
6.3, where the dynamic range is plotted as a function of wavelength.
Fig. 6.3 indicates that effective dynamic range, as well as quantifi-
cation accuracy, is only 10 % of the maximum at both edges of the
operational wavelength range. This relatively notable variation is
not so critical if the bit depth of a sensor is sufficiently large.
Spatial resolution is an essential property for imaging devices
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Figure 6.3: Dynamics of the spectral imaging system as a function of wavelength in the
IR region.
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and can be suitably investigated with a resolution target, for exam-
ple, USAF–1951, as was the case in Paper I and in Fig. 6.4 (a). The
spatial resolution readings in Paper I are also presented in Table 6.1,
where different criteria for reading spatial resolution values have
been compared. Table 6.1 demonstrates that in the developed sys-
tem there are differences in spatial resolution between wavelength
ranges. Differences also exist between the horizontal and vertical
directions across the spatial domain. The horizontal direction is the
same as the scan direction of the linear translation stage and has
a lower spatial resolution. This originates from the width of the
scan line in the scan direction, which is greater than the distance
between the acquisition positions. In this case, the line under ac-
quisition slightly overlaps with the previous and following lines.
Unfortunately, the distance between the acquisition positions can-
not be increased to eliminate overlapping because it would change
the aspect ratio of the final image and the pixels would no longer
be square. One solution could be the use of narrower slits in the
cameras, but that would require changes from camera manufactur-
ers.
It was found that the visual extraction of resolution target read-
ings can be a subjective task. According to basic workflow, the user
looks for the smallest line pair (LP) pattern in the image where
the lines can still be separated. The corresponding resolution value
is then obtained from a table according to pattern number. The
task becomes subjective close to the resolution maximum, where
the gray level changes are small and the line separation is the most
challenging. Visual observation provides an approximate value de-
pending on the observer and circumstances, when it is not neces-
sarily sufficiently consistent for scientific purposes. More consis-
tent results can be achieved with contrast criteria such as Rayleigh
or Sparrow [90]. The Rayleigh criterion requires a 26.5 % drop in
contrast while the Sparrow criterion makes it possible to separate
objects with a zero contrast difference. This is possible when the
outline pattern of two point sources has a small dip. However,
resolution targets have dark and white bars instead of a pattern
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produced by point sources and Sparrow’s criterion is not suitable.
An alternative criterion is suggested here and can be derived
from the noise of the imaging system. The idea is based on the
recommendation of Willard et al. (1988) that the signal magnitude
should be three times higher than the standard deviation (STD) of
the noise [91]. First, the gray levels of the resolution target line [in
Fig. 6.4 (a)] are plotted as a function of location, as shown in Fig.
6.4 (c). The STD of the noise of the image is then estimated from a
uniform area, as shown in the green rectangle in Fig. 6.4 (a). The
cyan decision lines in Fig. 6.4 (c) are then calculated with ±1.5·STD
of the noise and plotted in the first figure, as shown in Fig. 6.4
(c). The offset of the decision lines should be adjusted according to
the smallest pattern by adding a suitable constant. At this point,
the user looks for the smallest pattern where the dark and white
Figure 6.4: The resolution target at 550 nm in (a) in raw format and (b) deblurred with
the point spread function. (c) The reflectances of the magenta sample lines, from top down,
from (a) and (b) as a function of location. Cyan lines are ±1.5·STD of noise, which is
estimated from the area of the green rectangle in (a).
Dissertations in Forestry and Natural Sciences No 173 35
Tapani Hirvonen: A Wide Spectral Range Imaging System
parts still break decision lines. The advantages of the proposed
method is that effect of the noise is taken into account and visual–
decision making is easier with plotted lines than directly from the
gray image.
The comparison between the criteria for reading spatial reso-
lutions can be seen in Table 6.1. The compared criteria are the
visual (Paper I), Rayleigh and previously suggested noise–based
approach. Table 6.1 indicates that the visually obtained readings
are similar or slightly higher than those obtained with the Rayleigh
and noise–based criteria. The only exception was obtained with the
noise–based criterion in the 1000-2500 nm range with a 2.00 LP/mm
reading. This is actually the theoretical maximum for the setup of
the developed system because it corresponds to the Nyquist fre-
quency with a 250 µm dot size [92].
However, resolutions can be improved with post–processing, for
example, deblurring or sharpening, as has been demonstrated in
Fig. 6.4 (b) with the symmetrical point spread function (PSF). Fig.
6.4 (c) shows that PSF deblurring increases readings for white parts
and decreases them for dark ones. Table 6.1, however, suggests
the use of an anti–symmetric PSF to obtain improved deblurring
results.
Table 6.1: Comparison of criteria for reading spatial resolution values. Paper I values are
obtained visually, Rayleigh values with a 26.5 % contrast difference and suggested values
exceeding 3·STD of the noise level. Readings are in [LP/mm] unit.
Wavelength range [nm]
Orientation Criterion
200–399 400-999 1000-2500
Paper I 1.00 1.00 1.78
Horizontal Rayleigh 1< 1< 1.78
Suggested 1< 1< 2.00
Paper I 1.78 1.41 1.26
Vertical Rayleigh 1.78 1.26 1<
Suggested 1.78 1.26 1.26
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The spectral accuracy of the system was verified with refer-
ence measurements. A PerkinElmer Lambda 1050 spectrophotome-
ter was used to measure 22 non–fluorescent GretagMacbeth Col-
orChecker patches for reflectance verification. The luminescence
case was examined with six FluorilonTMpatches, which were ex-
cited with a UV–B light source. The spectrum of the UV–B light
source was measured with a Hamamatsu PMA11 C7473 spectrom-
eter and used to simulate the emission of luminescent samples from
the reference data. The results of these measurements are presented
in Fig. 4–5 of Paper I and indicate that the spectra do not perfectly
overlap even though the degree of error is small. The rising edge of
the luminescent spectra follow accurately while the falling edge has
a tail, which results in greater error. However, this error is smaller
for samples which are having emission maximum at longer wave-
lengths. The reason for this behavior is unclear. Reflectance spectra
also follow each other although the devices have different measur-
ing geometries. The largest error can be found in the wavelength
range extremities of the sensors where previously discussed effec-
tive dynamic range and PSNR are lowest. The examination was
only performed visually from graphs since it would not be reason-
able to numerically evaluate error (e.g. root mean square error and
color difference) between devices with different measuring geome-
tries.
6.2 SPECTRAL IMAGE DATABASE OF LUMBER
The obtained measurements produced the database presented in
Paper II, which contains approximately 44 million spectra. Half of
the database contains reflectance data and the other half photolumi-
nescence data. The surface features of each sample were observed
visually and listed in a separate file for rapid access. The database
requires 70 GiB of disk space in corrected format and 447 GiB in
raw format.
The correct format of the database, i.e. the extracted reflectance
and photoluminescence, was obtained by making all necessary com-
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putations as described in Chapter 3 and Paper I. The data was also
resampled with spline interpolation for 5 nm equal intervals for
more convenient future use. The spectral images from the different
sensors were then registered to remove a small position mismatch
due to the setup geometry. The image registration was performed
with an automatic generalized dual bootstrap iterative closest point
algorithm [93, 94]. Hard images, where the automatic algorithm
failed, were registered with a commercial software package (MAT-
LAB 2012a, The MathWorks Inc., USA) with manually selected con-
trol points.
No further processing, for example, commonly used multiplica-
tive scatter correction or derivatives extracted with numerical differ-
entiation as reviewed by Rinnan (2009) [95], was performed for the
database. The purpose of these processing methods is to improve
regression, the classification model or exploratory analysis. These
methods, however, have adjustable parameters which will affect the
final result when crucial information for some specific application
might be lost with static parameter selection. Hence, end users
are encouraged to perform the required processing themselves to
avoid possible information loss which could limit the use of the
database. However, use of the first and the second derivatives have
been demonstrated for lignin distribution extraction later in this
section and in Paper II.
The database was introduced in Paper II and the public web
page was created as a distribution channel. In Paper II the poten-
tial and possibilities of the database were demonstrated with one
photoluminescence and two near–infrared examples. In the photo-
luminescence example the spatial distribution of the decay process
was presented and the similar spatial distribution visualization of
heartwood/sapwood is shown in Fig. 6.5. From the top of Fig. 6.5
(b) a lighter heartwood region which emits more photoluminescent
light than the darker sapwood region below can be clearly distin-
guished. This distribution is presented more accurately in Fig. 6.5
(c), where the magnitude of the photoluminescence from one col-
umn of Fig. 6.5 (b) is plotted as a function location.
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Figure 6.5: The spatial distribution of the heartwood/sapwood of Scots pine revealed by
photoluminescence. (a) The simulated RGB image of the specimen under D65 illumination.
(b) The photoluminescence of the specimen at 430 nm excited by a UV–B light source. (c)
The magnitude of photoluminescence as a function of location along the magenta sample
line (up to down) from (b). Magnitude of photoluminescence varies spatially (c) and
the greatest level difference is between heartwood and sapwood (b). This suggests that
photoluminescence could be used to distinguish heartwood from sapwood.
The first IR application example in Paper II was the spatial dis-
tribution study of aromatic lignin from frozen, melted and dried
Norway spruce; it relates to the field of chemical mapping [96]. The
first derivatives were calculated at 1675 nm and the obtained distri-
butions were identical despite the state of the specimen. A similar
lignin distribution example is presented in Fig. 6.6 (b), where the
second derivative at 1675 nm is calculated for Scots pine board. In
Fig. 6.6 (c) the second derivatives for heartwood and sapwood sam-
ples in Fig. 6.6 (a) are plotted with the key wavelengths of lignin
according to [66]. The second derivatives were obtained with the
gap–segment method, where the size of a differentiation window
can be adjusted [97]. Adjustable window size allows the user to
extract different latent features from the original signal. Fig. 6.6
(c) demonstrates that the second derivatives of heartwood and sap-
wood overlap and separate many times across the wavelength re-
gion. For example, the difference at 1675 nm will produce a pseudo
color image, as visualized in Fig. 6.6 (b). However, all lignin–
associated wavelengths do not produce similar a contrast between
Dissertations in Forestry and Natural Sciences No 173 39
Tapani Hirvonen: A Wide Spectral Range Imaging System
Figure 6.6: The spatial distribution of the lignin of Scots pine board revealed in the near–
infrared part of the EM spectrum. (a) The simulated RGB image of the specimen under
D65 illumination. (b) The second derivative at 1675 nm. (c) The second derivatives of two
samples from (a) and lignin–associated wavelengths marked with vertical magenta lines.
heartwood and sapwood, as can be seen in Fig. 6.6 (c). Fig. 6.6 (b)
seems to be quite noisy which originates from the small differenti-
ation window of the gap–segment method. Image quality could be
improved with wider differentiation window or with more sophisti-
cated differentiation algorithms, for example, Norris–Williams and
Savitzky–Golay [95].
The second IR example of Paper II was a practical method for
the MC prediction of lumber. The average ratio R1935 nm/R1850 nm
was calculated for each sample spatially and compared with the
known MC, as seen in Fig. 3 of Paper II. A linear trend was deter-
mined for each wood species separately even though the variation
of some specimens exceeded standard deviation limits. The vari-
ation originates from the heterogeneous MC distributions of the
samples and the sizes of samples greater than the imaged area.
The method was found to be suitable only for fresh melted lumber.
With frozen and dried lumber the data points more or less scattered
without forming any clear trend.
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6.3 ADHESIVE MEASURING METHOD
It was found at the beginning of Paper III that the reflectance of
water–dilutable compounds was proportional to layer thickness in
the near–infrared region. The proportion was non–linear, as ex-
pected according to section 3.2. Instead of using the whole spec-
trum, only two wavelengths (1445 nm and 1295 nm) were selected
for further analysis. The first wavelength was strongly absorbed by
water and hereby its reflectance was proportional to layer thickness
of water–dilutable compounds. The second wavelength was highly
transmitted through water and thus having a low response for wa-
ter. Hence, the first wavelength was for observation purposes while
the second was used as a reference. The ratio r = R1445 nm/R1295 nm
was calculated and used in the calculations. The use of the ratio
is advantageous because it normalizes possible variations in mea-
surement, for example, fluctuation and geometrical distortion.
The Lambert–Beer law was found suitable for layer thicknesses
less than 0.04 mm, which is less than the recommended thicknesses
(Table 5.1). This derives from the relatively high attenuation co-
efficients of the compounds used. Thus, the Lambert–Beer–based
model was found to be inappropriate for this task. For the ex-
tended thickness range an empirical third–order polynomial model
was developed. This model allowed thicknesses to be measured up
to 0.15–0.5 mm, which was sufficient according to consumption rec-
ommendations. At higher thickness values accurate measurement
is not possible, but the existence of an adhesive can still be verified.
In Paper III adhesive–dependent modeling parameters and test
results were presented. They are similar to those presented in Table
6.2 for compounds studied in this work. The Pearson’s correlation
coefficient obtained was higher than 0.81 for all compounds [88].
The achieved mean accuracy was ± 0.02 mm while the minimum
was ± 0.07 mm in the 0–0.25 mm thickness range. The mean ac-
curacy corresponds to 8 % error from the maximum layer thick-
ness which is a reasonable result. Similarly, the minimum accuracy
corresponds to a 28 % error which might seem poor but it must
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Table 6.2: The modeling parameters for Equation 1 of Paper III for measured solutions.
Modeling and testing accuracy in R2, mean error and maximum error in mm units.
Mean Maximum
Solution a b c d R2modeling R
2
test error [mm] error [mm]
Siro† -163.1 322.6 -212.6 46.8 0.87 0.87 0.02 0.06
Liberon†† -415.7 743.2 -441.2 87.0 0.85 0.85 0.01 0.04
Pride -16.5 17.1 -5.7 0.7 0.95 0.96 0.02 0.06
Kiva -8.6 12.9 -6.6 1.2 0.89 0.95 0.03 0.07
Melamine -4.3 7.7 -5.2 1.4 0.99 0.99 0.01 0.05
Hardener -14.0 19.5 -9.5 1.7 0.99 0.98 0.01 0.05
Thickness range † 0–0.2 mm †† 0–0.15 mm.
be kept in mind that these values originate only from a few data
points. Hence, mean accuracy describes overall performance better
even though the maximum inaccuracy is good to be acknowledged.
The accuracy of the method is also demonstrated in Fig. 6.7, where
predicted thicknesses are plotted as a function of real thickness. A
variation similar to oscillation can be seen for Kiva, in particular,
and originates from the early wood/late wood stripes of the wood
block as seen in Fig. 6.8. Other solutions are not as transparent as
Kiva, thus the effect of background material is weaker. However,
ideal background material would be observed to be homogeneous
as discussed in Paper III.
Information concerning determined thickness can be visualized
in several ways and one possibility is presented in Fig. 6.9, where
thickness distribution is presented as a two–dimensional map. Fig.
6.9 also shows the effect of adhesive drying during image acqui-
sition because thickness values are lower on right–hand than the
left–hand side despite the same initial thickness. Hence, it was
predicted that the developed method could be applied to drying
process monitoring in the same way as a speckle method [55]. For
this purpose ratio r is observed as a function of time.
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Figure 6.7: The accuracy of thickness prediction models as a function of real thickness for
different solutions.
Figure 6.8: The image of the ratio r for the Kiva solution. Early wood/late wood stripes of
the wood block are distinguished behind the Kiva solution and causing oscillation stylish
variation in thickness prediction results (Fig. 6.7).
Figure 6.9: Two–dimensional thickness map obtained with the developed method for freshly
applied PV adhesive.
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7 Discussion
In this chapter the obtained results are considered against the aims
of the work and discussed in detail.
7.1 SPECTRAL IMAGING SYSTEM
The wide spectral range imaging system developed in this work
was the first reported with such a wide spectral operation range
and the ability to measure photoluminescence according to the lit-
erature review done in Paper I. The absence of existing systems
required substantial effort to develop a custom system from de-
vices available in the laboratory. During the development process
different options were considered and tested which led to the final
configuration. The performance of the system was investigated us-
ing different benchmarks and attention should be paid in the future
to these boundaries when working with the system.
PSNR and effective dynamic range were found to be satisfac-
tory in the middle of the spectral range of each camera. Both val-
ues decreased towards the edges of the operational ranges, reduc-
ing accuracy. This resulted in a mismatch between spectra at the
fusion point where the cameras change. One possible solution to
compensate for the decrease in PSNR and effective dynamic range
towards the edges could be a light source with a U–shaped SPD.
This could be achieved with a programmable light source or by ma-
nipulating the SPD of the existing light source with suitable light
emitting diodes or a transmission filter. However, halogen lamps al-
ready have their own emission maximum at about 1000 nm, where
the VIS and IR cameras change according to Wien’s displacement
law [98, 99]. Hence, an even greater increment of spectral power in
this region could lead to irreversible processes in samples without
any appropriate cooling.
Spatial resolution was found to vary between the cameras used
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which is natural due to their different optics. Variation in spatial
resolution also occurs between spatial domains. Especially in the
scan direction, the lines slightly overlap and blur the final image.
The obtained spatial resolutions were roughly half the theoretical
maximum but still enough to separate the majority of the annual
rings of Scots pine which was the aim. Nevertheless, this can be
improved slightly with post–processing, for example, deblurring
and sharpening. The best results could probably be obtained by
measuring PSF for each camera and employing it with appropriate
deblurring algorithm to fix the final images [100].
The spectral performance of the system was investigated by
comparing results with a reference device. The results were satis-
factorily similar inside the high PSNR and effective dynamic range
regions despite the different measuring geometries of the devices.
The effect of different measuring geometry becomes more signifi-
cant the less diffuse the samples and white reference are because
specular reflection begins to occur. The degree of diffusion could
be verified with goniometric measurements.
The UV region of the EM spectrum was found to be more chal-
lenging for imaging compared to the VIS and IR regions. The sig-
nal quality usually obtained is lower due to 1) the lower reflectance
of most samples, 2) the lower spectral power of the light source
and 3) the lower response of the sensors. Moreover, the reflectance
and photoluminescence signals are mixed and strong separation
requires the use of two monochromators. Furthermore, the illumi-
nation power cannot be increased too much or the samples could
be contaminated due to the photobleaching effect. In this study the
UV–B light source used for illumination does not cover the full de-
tection range. Gaps in the spectrum could be filled with suitable
light emitting diodes and this solution could also provide more
accurate reflectance and photoluminescence separation. This is be-
cause individually controlled light emitting diodes could act as a
second monochromator. A second solution could be to replace the
UV–B light source with a supercontinuum light source, which can
provide a relatively flat SPD over the operational range. However,
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despite the challenges, the UV region can offer substantial infor-
mation about the object under examination, especially if the spatial
distributions of the properties can be resolved.
7.2 SPECTRAL DATABASE
The spectral image database of lumber measured in this work was
obtained from the three most economically significant wood species
in Finland. Attention was paid to sample handling and feature
selection in order to obtain extensive and representative data. The
amount of different species in the study was a compromise between
sample amounts within available resources. However, the database
could be later extended with different wood species and additional
samples.
The spectral image data obtained consist of reflectance in the
UV–VIS–IR range of the EM spectrum, which contains a consid-
erable amount of information about the sample state and quality.
For example, from this data it is possible to observe the spatial
distributions of aromatic lignin and heartwood/sapwood as it has
been demonstrated in this work and in Paper II. Moreover, the
photoluminescence excited by the UV–B light source was also ob-
tained. Even though the photoluminescence data was obtained only
with one excitation, it still offers a totally different method for use
in lumber quality studies. Accurate bispectrometric measurement
would have been the best solution for determining the photolumi-
nescent properties of lumber, but it would have been a trade–off
with measurement time, data size and sample set.
The features of the samples, for example, knots and decay, were
observed visually and listed in binary tables for convenient future
use. No chemical analysis was performed on the samples during
the measurement. However, they can still be performed because
the dried samples have been stored. Spatial binary masks for differ-
ent features could also be developed for faster data access. Binary
masks would be a convenient solution due to their small storage
space requirements. This would allow sharing between researchers
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via the web; for example, the developed masks could be maintained
with the web pages created for the database.
The potential of imaging spectroscopy for lumber studies was
demonstrated with a number of examples. The main advantage
of the imaging technique is that it allows the study of the spatial
distributions of the features under examination as it has been intro-
duced in previous studies [4, 31, 72, 73]. On the other hand, it also
rapidly produces huge amounts of data, which is a sound basis
for statistical analysis. Demonstrations revealed interesting connec-
tions between reflectance and the photoluminescent responses of
lumber, especially for lignin, which was also associated with heart-
wood and sapwood. The database was also applied to develop a
practical method for the MC estimation of lumber. A linear trend
between the predicted and real MC was determined even though
the remaining standard deviation could not be ignored. However,
accuracy could be improved with additional measurements of ho-
mogeneous samples.
7.3 ADHESIVE APPLICATION
Two wavelengths from the IR range used were found to be respon-
sive to the layer thickness of water–dilutable compounds. The IR
range of the EM spectrum also offered reference wavelengths for
data normalization. These discovered wavelengths were then used
to develop a practical method for layer thickness measurement.
Even though the method was developed with image data, it can
also be scaled down for a line or a spot.
The Lambert–Beer law was found to be limited to layer thickness
measurement within the thickness recommendations of compound
manufacturers. Thus, an empirical third–order polynomial model
was developed to obtain the required dynamic range for the mea-
surement. The Lambert–Beer law could probably also have been
customized using external terms to obtain a greater thickness range,
but this was not tested because the empirical model was already
seen to be appropriate.
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The method was also successfully extended from adhesives to
other compounds due to their common diluter, water. This in-
creases the number of possible applications in the wood industry,
from glued wood production to all–over surface finishing. Further-
more, the method could be applied for other background materials
than wood, if the determined requirements for a background mate-
rial are fulfilled.
The main advantage of the method from a practical point of
view is that it requires only two wavelengths to be observed. Hence,
the sensors used could be simple and low–cost compared to hyper–
spectral ones and computation would be simple due to the small
dimensional data, which is a solid basis for real–time processing.
These are important features when searching for a high–throughput
production line implementation.
The ability to measure wet compounds is a great benefit com-
pared to the techniques employed for dry ones. Wet measurement
allows the repair of faulty parts or their rejection from the pro-
cess, which could save production resources. The method was also
found to be applicable to drying process monitoring because dry-
ing is the loss of water in the compounds used and this affects to
the absorption of near–infrared radiation. On the other hand, this
sets a constant water concentration requirement for the compounds
used.
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8 Conclusion
In this work a wide spectral range imaging system with photolu-
minescence imaging ability has been introduced. The developed
setup can be widely customized for different measuring geometries
and spatial resolutions. The system was benchmarked with dif-
ferent tests in order to obtain knowledge about performance and
the appropriate operational range. The most significant challenges
were found in the UV region of the EM spectrum due to several
reasons. However, the UV region could hold a great deal of in-
formation about the samples under examination, which suggests
directing more effort towards the challenges of UV range imaging
in the future.
The wide spectral range imaging system was applied to two re-
search cases in the context of the wood industry. The first research
case was the acquisition of a public spectral image database of sawn
timber for research purposes. Sample handling and selection were
to be performed so that the final database would correspond to data
from real sawmill conditions and be as versatile as possible. As a
result, the final database contains approximately 44 million spec-
tra, which connect spectral information over the UV–VIS–IR range
pixel–wise. According to the performed analysis it was confirmed
that the database provides possibility to access the spatial distribu-
tions of wood properties and compounds.
The second research case was the development of a practical
method for adhesive layer thickness measurement. Key wavelengths
associated with layer thickness were determined and used to derive
a model which requires the monitoring of only two wavelengths.
Furthermore, the key wavelengths were the absorption peaks of
water, which allowed the extension of the method to other water–
diluted compounds as well. This feature offers considerable possi-
bilities for the method because nowadays water is a common diluter
in industrial and surface finishing compounds.
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Tapani Hirvonen
A Wide Spectral Range 
Imaging System
- Applications in Wood Industry 
This study introduces a new wide 
spectral range imaging system with 
photoluminescence imaging capabil-
ity. The system is benchmarked and 
applied to two research cases in the 
context of the wood industry. The 
first research case is the acquisition 
of a public spectral image database 
of sawn timber which potential 
is demonstrated with an analysis 
examples. The second research case 
is the development of a non-de-
structive method for layer thickness 
measurement of freshly applied 
water-dilutable compounds. 
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